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Abstract
Several experiments were performed eluting neodymium bands behind copper bands with dilute ammonia-
EDTA solutions. · A few other experiments were performed eluting only copper bands. If there were a certain
amount of ammonium and hydrogen mixed homogeneously with the copper in the resin, very flat elution
curves were obtained. Thus, the concentrations of the ions in J •. solution were constant throughout the band,
and the composition oi the resin changed very little during the elution.
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Elution of Copper and Neodymium from a Cation-Exchange 
Resin with Ammonia-Ethylenediaminetetraacetic Acid Solutions* 
Lyle K. Matson and F. H. Spedding 
ABSTRACT 
Several experiments were performed eluting neodymium bands 
behind copper bands with dilute ammonia-EDTA solutions. · A few 
other experiments were performed eluting only copper bands. If 
there were a certain amount of ammonium and hydrogen mixed 
homogeneously with the copper in the resin, very flat elution 
curves were obtained. Thus, the concentrations of the ions in 
J •. 
solution were constant throUghout the band, and the composition 
oi the resin changed very little during the elution. 
The charge balance equations, the material balance equations, 
( 
and a number of mass action equilibria were written for both the 
copper band and the neodymium band. Equations were also indicated 
for the materi~l balance at the boundary of an ideal system and 
this system was compared with the actual experimental results. 
Two experiments were found to deviate only slightly from this 
ideal system. 
The experiments described in this report establish the groundwork 
which was necessary to design an ideal elution system. If conditions 
can be established so that the retaining bed is completely compatible 
with the eluant and flat top elution curves can be obtained by the 
choice of suitable boundary conditions, then a powerful tool is 
available for determining the equilibrium constants of complex ions in 
*This report is based on an M.S. thesis by Lyle K. Matson submitted 
December, 1957, to Iowa State College, Ames, Iowa. This work was 
done under contract with the Atomic Energy Commission. 
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solution • . Having established this system, one has n equations 
e.nd n unknowns and can calculate a constant for each variable 
determined experimentally. By determining the mass action 
constants for various ionic strengths and equivalent frac-
tions on the ·resin, the activity coefficient ratios for 
various pairs of ions can be determined as a function of these 
/ 
.. 
variables. 
It should be noted that the ideal elution system is not 
the, system which is mst sui table for separating pure mate-
rials. , In the ideal system the bands seem to be diluted with 
) 
'-
other ions which are not involved in the separation. For a 
fixed retaining bed, equilibrium does not have to be estab-
lished between the retaining bed and the eluate as long as 
the drift toward equilibrium is slow. The retaining bed 
can be kept nearly constant by regularly inserting retaining 
' beds of a fixed ·composition. With a retaining bed of a 
I . 
fixed composition, the band behind it can be maintained con-
stant if the boundary conditions are suitable. In the com-
mercial separation of rare earths, ·the retaining bed contains 
I 
only copper. The copper bed tends to pick up hydrogen and 
ammonium, but before it picks up much of these ions new beds 
are inserted. Pure copPer retaining beds keep the rare-
earth .. bands compact and give more efficient separations. 
I 
.. 
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INTRODUCTION 
The group of elements with atomic numbers 39 and 57 
through 71 are commonly known as the rare earths. At present 
the greatest demand for pure rare-earth elements, other than 
lanthanum, cerium, and perhaps neodymium, is for fundamental 
scientific research. Since the atoms of each of the respec-
tive rare-earth elements differ from each other essentially 
only by the number of electrons contained in the shielded 4f 
subshell and the number of protons in the nucleus, their 
unique physical and chemical properties, such as ionic size, 
make them valuable tools for testing many of the theories 
that have been proposed in chemistry and physics. 
Their similar chemical properties make it ex~remely dif-
ficult to iso~ate rare earths individually in pure form by 
classical physical chemical methods such as fractional 
crystallization and precipitation. In recent years, however, 
ion-exchange techniques have been applied with great success 
" to this separation problem and all of the rare earths are 
now avai~able in kilogram quantities with a purity of 99.99 
per cent or greater. 
,The ion-exchange methods which have proven most success-
ful involve the use of an 'organic chelating agent in the 
eluant. The successful separation of the rare-earth elements 
by such a method depends for the most part upon the differ-
ences in the stabilities of the complexes formed between 
2 
individual rare-earth elements and the chelating agent present 
in a given mixture. 
The chelating agent which gives the most economical and 
best separation of most of the rare earths is ethylenediamine-
tetraacetic acid (EDTA). \ The retaining ion which works the 
best with EDTA is the cupric ion. Even though the approximate 
conditions have been worked out for the best separation of 
the rare earths, more knowledge was desired concerning the 
elution of the rare earths behind a copper bed with an · 
eluant composed of EDTA and ammonia in order to determine 
precisely the best conditions for separation. It is hoped 
that better conditions for the separation will be an outcome 
of a greater knowledge of the elution process. · This report 
will describe one type of retaining bed which gave some 
degree of a t ,rt;e equilibrium. A number of retaining beds 
will be described which failed for some reason or another to 
give any indication that satisfactory re~ults could be ob-
tained. 
• 
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PRESENT STATUS OF THE THEORIES OF ION EXCHANGE 
Ion exchange was discovered by Spence in the middle of 
the 19th century (1), but much of the development of ion ex-
change has been in the past decade. Some of the better sci-
entific papers ~ave been written by Gregor, Glueckauf, David-
" ( son, Argersinger, Bonner, Ekedahl, Hogfeldt, and Sillen 2, 
3, 4, 5, 6, ?, 8). These papers give a good qualitative pic-
ture of what happens in an ion-exchange resin. However, the 
present knowledge does not allow one to predict even semi-, 
quantitatively the variation in an ion-exchange constant as 
the mole fraction on the resin changes. Except for a solu-
tion phase of less than about 0.1 ionic strength, the ion-
exchange constan~and thus the activity coefficients of the 
components in the resin phas~vary unpredictably with changes 
in the ionic strength of the solution phase. Davidson finds 
that the activity coefficients for the resin phase are mainly 
a function of the mole fraction of the components on the 
resin and not a function of the ionic strength of the solu-
tion phase for sodium and hydrogen. 
One problem in which ion exchange has been very useful is 
the separation of the rare earths. An early method of sepa-
rating the rare earths by means of ian exchange was developed 
at Ames (9, 10, 11, 12, 13) and elsewhere (14, 15, 16, 1?, 
18, 19, 20, 21). This method consisted of eluting the rare 
earths down an ion-exchange column which was initially in 
4 
the hydrOgen cycle with an approximately 5 per cent citric 
acid-ammonium citrate solution~ The elution curve of each 
1ndi vidual rare earth was 11bell shaped 11 • The different rare 
earths moved down the column at different rates so that they 
gradually separated from each other. However, to separate 
macro quantities of the rare earths the bands had to travel 
a great distance and a considerable fraction of the bands 
overlapped. This method was particularly successful for sep-
arating radioactive tracers where adsorbed bands were very 
short. 
Spedding and his co-workers performed numerous experi-
ments in which a rare-earth band ~s eluted down a resin bed 
with a 0.1 per cent citric acid solution, adjusted to a pH 
between 5.0 and a.o with ammonium hydroxide (22, 23, 24, 25, 
26, 2?). A resin bed in the hydrogen form was used to retain 
the rare-earth band. Under these conditions, the rare-earth 
band lengthens initially as it rooves down a resin bed until 
it reaches an equilibrium value. The equilibrium band has 
very sharp front and rear edges and the elution curve is rec-
tangular in shape. The concentrations of the total rare 
earth, the ammonium ion, and the hydrogen ion in contact with 
any part of this band are constant. The ratio of the total 
rare-earth concentration to the ammonium concentration to the · 
hydrogen-ion concentration in solution is the same as the 
ratio of the total rare earth to the total ammonium to the 
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total hydrogen on the resin in the rare-earth band. This cor-
respondence of the solution and the resin is due to the fact 
that everything is picked up at the rear edge and laid down 
at the front edge of the fully developed rare-earth band. 
Since the ammonium ion does not move past the rare-earth 
band, only a pure hydrogen-form resin is found ahead of the 
adsorbed band and an essentially pure ammonium-form resin is 
found behind the rare-earth band. If several individual rare-
earth species are present in the originally adsorbed band, 
they tend to separate into individual bands which follow one 
I I 
another head to tail as the total band is eluted down the 
column. The boundaries between the individual species are 
fairly sharp once an equilibrium state has been reached, and 
the bands do not pull apart from one another. The sharpness 
of individual rare-earth band fronts is a result of the 
equilibria set up between the various rare-earth species and 
the smallness of the theoretical plates that can be obtained 
in an ion-exchange column. 
The sharp front and rear edges of the rare-earth band 
and the rectangular shaped elution curve are a result of the 
constraining reactions which take place at the front and rear 
edges of the band once equilibrium conditions have been estab-
lished. When the ammonium ions in the eluant reach the rear 
edge of the rare-earth band, they are partially exchanged for 
the rare-earth and hydrogen ions on the resin. The ammonium 
6 
ions are adsorbed on the resin, the rare-earth ions are 
chelated by the citrate anions, and the hydrogen ions form 
weak acids • . When the rare-earth complex reaches the front 
edge of the rare-earth band, t he rare earth and the ammonium 
is readsorbed on the resin in place of hydrogen. The citric 
acid which is formed flows out the bottom of the column. 
Spedding and Powell (28, 29) have proposed a theory 
which explains the formation of the sharp bands and the elu-
tion curves. There are twelve important unknown v ariables in 
this system; and it is possible to write twelve independent 
equations involving only material balances, electrical neu-
trality, stability constants of the various complexes formed, 
and the equilibrium conditions. The authors found that, 
knowing the composition of the eluant, the capacity of the 
resin bed, and the total amount of rare earth adsorbed on the 
resin, they could solve the twelve equations and calculate 
the concentrations of all ionic species in the eluate and on 
the resin to better than 1 per cent accuracy. 
At the present time, EDTA has replaced citrate in the 
I 
separation of rare earths but knowledge of the separation of 
the rare earths with EDTA is not as far advanced as the sepa-
ration of the rare earths with citrate. Several articles 
have been written by Spedding, Powell, and l~eelwright on the 
stability of rare earth-EDTA complexes and the separation of 
rare earths by ion exchange using EDTA (30, 31, 32, 33). A 
7 
cation-exchange bed of cupric ion has been found to be beet 
for retaining the rare-earth band. Although copper does not 
have as stable a colnplex as the heavier rare earths, the resin 
has a greater affinity for the rare earths than for copper 
at the concentrations used. This difference in affinity more 
than compensates for the difference in the stability of EDTA 
complexe~and the copper band is laid down ahead of the rare-
earth band. 
8 
RESEARCH 
Materials and Apparatus 
Materials 
The resin used in the following experiments was a sul-
fonated polystyrene-divinylbenzene type which was purchased 
from the Dow Chemical Company of Midland, Michigan. It was 
labeled as Dowex 50-XB and was a 100-to 200-mesh resin. The 
neodymium was supplied as the oxide by the rare-earth-separa-
tion group at the Ames Laboratory of the Atomic Energy Com-
mission. Its purity was greater than 99.9 per cent. 
The diammonium dihydrogen ethylenediaminetetraacetate, 
which was supplied by the rare-earth-separation group, wa.s 
purchased from the Geigy Chemical Corporation of New York, 
New York. In order to remove a slight amount of sodium and 
the heavy metals that might be in the (NH4)2H2Y, the H4Y was 
precipitated with hydrochloric acid and washed with deionized 
water. The H4Y was converted to a concentrated solution of 
(NH4 )2H2Y by adding deionized water and ammonia. The 
(NH4) 2H2Y was precipitated by adding·95 per cent ethyl alco-
hol. No chloride or sodium was found in the resulting com-
pound. 
Baker and Adamson c. p. reagent hydrochloric acid was 
used for dissolving the neodymium oxide and making tip the 
solutions, and Baker and Adamson c. p .. reagent ammonia was 
9 
used in making the eluant. All other chemicals used, such 
as the ammonium chloride, cupric sulfate, sodium hydroxide, 
and oxalic acid, were 11Bak.er Analyzed 11 reagent grade. 
The water which was used was the regular laboratory dis-
tilled water which had been passed through glass wool filters 
and a cation and anion exchange deionizer. 
Apparatus 
A diagram of the apparatus is shown in Figure 1. The 
container for the eluant was a 10-gallon carboy. The long 
column was approximately -140 centimeters in length and con-
tained approximately 92 centimeters of resin, and the medium-
sized column was about 105 centimeters in length and con-
tained approximately 30 centimeters of resin. The appendages 
were approximately 14 centimeters in length and contained 
about 3 centimeters of resin. The exact length of the resin 
bed depended on the cycle of the resin, the solution with 
which the resin was in contact, and how well the resin was 
packed. 
A short piece of Tygon tubing with a screw clamp in the 
middle was attached to the bottom of each column and append-
age, and a medicine dropper type tip was inserted into the 
other end of the Tygon tubing so that the eluate from the 
column could be either collected in a volumetric flask or 
passed by means of Tygon tubing to another column or append-
TYGON TUBING 
AMMONIUM 
BAND 
NEODYMIUM BAND 
COPPER BAND 
10 
ELUANT 
APPENDAGE 
ELUATE GOING TO 
BOTTLE CHANGER 
Figure 1. Schematic drawing of apparatus 
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age. A rubber stopper with a glass tube through the center 
was inserted in th,e top of each column and appendage so that 
the columns and appendages could be attached together by 
means of Tygon tubing. 
Procedure 
Methods of analysis 
The neodymium analysis ' consisted of precipitating the 
neodymium ion from the unknown solution, 't'lhich was near boil-
ing, with an excess of a saturated solution of oxalic acid. 
The precipitated sample was allowed to cool end then filtered 
with Schleicher and Schuell No. 589' White Ribbon filter 
paper. The precipitate "t-ras washed with dilute oxalic acid 
and transferred 1io a porcelain crucible which he.d been brought 
to constant -v1eight. The sample 't'le.s tben ignited in a muffle 
f . 
furnace overnight at approximately 850° c. The sample was 
removeq from the furnace, cooled for five hours in a desic-
cator, and weighed. From the difference in weight between 
the cruc~ble plus sample and the empty crucible, the weight 
of the neodymium oxide was obtained. 
The ammonium ion was determined by the Kjeldehl procedure. 
The samples were placed in a distillation apparatus and the ,, 
ammonia was driven off by adding concentra.ted sodium hydrox-
•' '. 
ide and then boiling. The ammonia was collected in a receiver 
containing an indicator-boric acid solution, and titrated with 
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a standard solution of hydrochloric acid. The indicator-boric 
acid solution was prepared by adding 10 milliliters of the 
concentrated methyl purple indicator solution, which was sup-
plied by Fleisher Chemical Company, and 30 grams of boric 
acid crystals to a liter volumetric flask and diluting to 
volume with water. About 20 milliliters of this solution was 
added to the flask used . to collect the ammonia as it was dis-
tilled over. 
The total EDTA concentration was determined by titrating 
a known amount of a standard zinc chloride solution with the 
unknown solut~on using Eriochrome Black T as the indicator. 
The standard zinc chloride solution was buffered with 10 
milliliters of an ammonia-ammonium chloride solution. The 
buffer solution was prepared by diluting 6.?5 grams of ammo-
nium chloride and 5? milliliters of concentrated ammonium 
hydroxide to 100 milliliters. 
The copper analysis consisted of plating out pure copper 
metal on a platinum screen by electrolysis. The weight of 
copper was determined by the difference between the weight 
I 
of the screen plus copper and the weight of the screen. This 
analysis was performed by the analytical group at the Ames 
Laboratory. 
Preparation of the eluant 
Two liters of a standard (NH4)2H2Y stock solution and 
13 
the desired amount of ammonia were added to a 45.90-liter 
carboy and the carboy was diluted to the mark. This solution 
was then stirred with a large stirrer for 15 minutes. 
The eluant concentrations of the ammonium and the EDTA 
were determined as indicated in the previous section. 
Determination of resin bed capacity 
An approximately 0.3 molar neodymium chloride solution 
was prepared by reacting an excess of Nd203 with concentratep 
hydrochloric acid, titrating the solution to the equilibriu~ 
pH with dilute hydrochloric acid, boiling the solution, and 
diluting to 40 liters. 
The resin was converted to the ammonium cycle by passing 
ammonium citrate through the column and washing with deionized 
water. The neodymium chloride solution was passed through 
each of the columns and appendages to saturate them with 
neodymium. Five hundred milliliters excess neodymium chloride 
solution was passed through each of the resin beds. The 
neodymium chloride in the pores of the resin was washed from 
I 
the columns and appendages with deionized water. Then the 
neodymium of each column and appendage was stripped into a 
volumetric flask with a concentrated ammonia-EDTA solution 
having a pH of about 8.5. The volumetric flasks were diluted 
to the mark and an aliquot was taken from each flask and 
analyzed for the amount of neodymium. From thesedata, the 
capacity of each resin bed was calculated. 
14 
Preparation of resin beds 
The rare-earth band which was to be eluted down the 
columns was prepared by saturating the first column indicated 
in Figure 1 with neodymium as described in the previous sec-
tion. This band expanded sltghtly as it was driven down the 
column by the eluant. The expansion was caused by the ad-
sorption of ammonium and hydrogen until it reached an equi-
librium length. The equilibrium band could have been attained 
with less eluant if a predetermined amount of ammonium 
chloride and hydrochloric acid had been added to the neo-
dymium chloride load solution. 
A number of retaining beds were prepared and the rare-
earth band was eluted down the column behind each of the re-
taining beds. These included copper, copper-ammonium, copper-
hydrogen, copper-ammonium-hydrogen, and thorium beds. 
An appendage was connected in series above the large 
column shown in Figure 1 and another appendage was connected 
below the six appendages. A copper-ammonium resin bed is 
prepared by passing a concentrated solution of cupric sulfate 
and ammonium chloride through the large column and eight 
appendages. If ·this concentrated solution should .be washed 
from. tb.e column and the appendages, there would be a non-
uniform shift of copper from the solution to the resin. This 
shift would be due to the dilution of the load solution. 
Therefore, in order to get a homogeneous copper-ammonium 
15 
band, a ten-fold excess of a dilute solution of cupric sul-
fate and ammonium chloride was then passed through the column 
and appendages (see lines 1 through 5 in Table 1) • At this 
time the column and appendages were carefully washed by taking 
the excess solution from the top of the resin and passing 
deionized water through the columns and appendages separately. 
During the washing operation, there could only be a very small 
shift of the copper from the solution to the resin compared 
with the amount of copper and ammonium already on the resin. 
The two appendages that were above and below the large 
column and six appendages were analyzed for the equivalents 
of copper per equivalent of resin (~cu> and the equivalent 
fraction of ammonium (~NH4 ). The cupric and ammonium ions 
on each of the two appendages were stripped with a four normal 
sodium chloride solution into separate 500-milliliter volu-
metric flasks and the solutions in the volumetric flasks were 
diluted to volume. After thorough mixing, a~iquots were taken 
to determine the equivalent fractions of the ammonium and 
copper on the resin. If the top and bottom appendages had 
the same equivalent fractions for the copper and for the 
ammonium, the column and appendages in between were assumed 
to be homogeneous and to have these same equi valent fractions. 
To prepare a set of homogeneous beds of copper and 
hydrogen, the large column and the eight appendages were 
treated in exactly the same manner as in the preparation of 
Table 1. Ion exchange data on copper, ammonium, and hydrogen 
Solution data Mass action 
Molar Molar Molar Resin data eguilibria 
Line cone. of cone. of cone. of 
ZH ~Nfl.4 ~Cu ,a ,a ,a no. HCl NH4Cl CuS04 Kn KE KF 
1 0.284 0.0402 0-514 0.486 3.69 
2 0-210 0.0402 0.430 0.570 3.38 
3 0-178 0-0402 0.394 0.606 3.08 
4 0-0182 0-0100 0.1103 0.890 2.42 
5 0.0089 0-0100 0.0667 0.933 1-66 t-' 0\ 
6 0.495 0.0402 0.491 0.509 12.9 
7 0.397 0.0402 0.405 0.595 14-2 
8 0·265 0.0756 0.199 0.801 18.8 
9 o.036 0.218 0-0402 0.031 0.423 0.546 3.61 18.3 2-25 
10 c.: 0 . 057 0-106 0.0402 0.052 0.258 · o. 690 2-90 20.2 2.69 
-
anefined on page 25. 
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homogeneous copper-ammonium beda except that the large column 
and the appendages were brought to equilibrium with a solu-
tion o.f hydrochloric acid and cupric sulfate (see lines 6, 7, 
and 8 in Table 1). The equivalent fraction of hydrogen (~H) 
on the resin rather than the equivalent fraction of ammonium 
was determined. 
A homogeneous bed of copper, ammonium, and hydrogen was 
prepared by bringing the bed to equilibrium with a solution 
of cupric sulfate, ammonium chloride, and hydrochloric acid 
(see lines 9 and 10 in Table 1). A set of copper beds were 
prepared by passing a solution of cupric sulfate through the 
column and the appendages. A set of thorium beds were pre-
pared by passing a solution of thorium nitrate through the 
column and the six appendages. The excess thorium nitrate 
or cupric sulfate was washed out with deionized water. 
Observation and measurement of the 
adsorbed neodymium bands 
After the columns and the six appendages were connected 
in series with Tygon tubing as shown in Figure 1, the eluant 
was started through the series at the rate of 2 milliliters 
per minute. The eluate l'Jas coll ected in volumetric flasks 
by means of an automatic bottle changer. The position of 
t he top and bottom of the neodymium band was recorded three 
times a day at approxima tely equal time intervals and the 
amount of the eluat e was noted at these times. Since there 
'-' 
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is a slight expansion or contrs.ction of the bed when the dif-
ferent ions are adsorbed on the resin, the position of the 
top of the resin bed was also noted e.t these times. 
Analysis of the eluate samples 
The pH was taken of all the eluate samples in the volu-
metric flasks with a Beckman glass electrode pH meter. The 
pH meter had been standardized against the Beckman pH 4 buffer 
and checked against the Beckman pH 7 buffer. 
The concentration of the ammonium and the copper were 
determined for a representative number of the samples from 
the copper band. The concentrations of the ammonium and the 
neodymium were determined for all of the samples from the 
neodymium band. 
Analysis of the resin samples 
The top three appendages were taken from the system 
when there was about 2 centimeters of the copper band left 
on the large column. The remaining three appendages 't'lere 
I 
put back into the system by connecting the Tygon tube from 
the large column to the top of these appendages, and the 
elution "t-tas continued until the three appendages vJere in the 
middle of the neodymium band. These three appendages were 
then removed and the large column vias connected directly to 
the bottle changer by means of the Tygon tubing. The elution 
19 
was continued until the neodymium band was completely off 
of the large column. 
After the eluate was washed out to the first three 
appendages with deionized water, they were analyzed to deter-
mine the equivalent fraction of the copper and the ammonium 
in the copper band. The remaining three appendages were 
washed and analyzed for the equivalent fre.ctions of the 
neodymium and the ammonium in the neodymium band. 
Each operation of preparing the beds, eluting the neo-
dymium band down the complete set of beds, and analyzing the 
solution and resin samples was called a run. Several of the 
more important runs are recorded in Table 2. 
Results 
In several of the earlier runs the copper band had a 
composition of less than 0.20 equivalents of ammonium per 
equivalent of resin. When the eluate samples from the 
neodymium band were plotted (concentration vs. time) in suc-
cession, the curves showed a hump in the neodymium concentra-
tion and a corresponding dip in the ammonium concentration. 
Some ammonium v.1as found to leak through the neodymium band 
into the rear edge of the copper band. 
An equivalent fraction of 0.50 ammonium in the copper 
band proved to be too high for an eluant of 3.50 moles of 
ammonium per mole of EDTA. However, the concentre.tion curves 
Table 2· Column data 
Eluate samples from Eluate samples from . 
Run Eluant the CO:Q:Qer band the neod~mium band 
- - NH4/YT HT/2 no. YT Nf4 CuT Nf14 pH NdT NH4 pH 
-
16 0-01?66 0.06102 3.45 0.018? 0.0232 3.24 
15 0.02268 0.0?808 3.44 0.0241 0-0296 3.14 
13 0.01658 0.05610 3.38 o.Ol?4a o.0230a 3.36 0.01396 0-01623 3.08 
12 0.01653 o. 05787 3. 50 Q.Ol?05a Q.0234a 3.35 0.01360 0.01660 3.16 
10 0-01731 0 • 0 67 54 3 . 90 0 .Ql ?45 o.oooo 0.01750 2·12 0-01693 0.01665 3.39 
1\) 
0 
aThese are the values of the samples taken from near the rear edge of the band . 
Table 2. (Continued) 
The retaining bed at the Tne retaining bed near The neodymium band near 
beginning of the elution the end of the elution the end. of the elution 
Run 
.Zcu ZNH4 .ZH ~Cu ~NH4 ~H ~H no. Z. Nd ~ NH4 
16b 0-5932 0.3933 0 .Ol35c 0-5832 0.39?2 o.Ol96c 
d 15 0.5960 0.3423 0-0ll?c 0. 5923 0.3990 o.oo8?c 
13 0.61 ?4 0-3826 o.oooo 0.609? 0.3800 o.Ol03c o.?269e o. 2616 0.0115° 
12 o.5699c 0.4301 o.oooo 0.5626 0.4258 O.Ol26c o.6?53e 0-3109 o.Ol35c 
10 0. 512c o.ooo 0-488 0.5132 --- 0.4894 o.?57?e 0.2322 0.0101° 1\) 
1-' 
b bl = 0 .0068; ~ 2 = 0.0251 (These quantities will be explained later.) 
cThe equivalent fraction of the hydrogen is determined by difference. 
d ~1 = 0 .0083; ~2 = 0.0268 (These quantities will be explained later.) . 
ernitially the equivalent fraction of the neodymium was 1.000. 
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from the neodymium band were almost completely flat. 
When a lower equivalent fraction of ammonium was used, 
-
relatively flat copper bands \vere obtained (see runs 12 and 
13 in Table 2 and the definition of the symbols used in 
Table 2 on pages 24 and 2~. However, the concentrations of 
the copper and ammonium got slightly smaller as more of the 
eluate was taken from the columns. The reason for the change 
in the concentrations of the copper and the ammonium is that 
a small amount of hydrogen was taken from the solution by the 
resin and repl~ced by copper and ammonium,as there was no 
hydrogen on the re.sin at the beginning of the elution while 
there was some hydrogen on the r esin at the end of the elu-
tion. 
Since there was not any ammonium or hydrogen in the 
neodymium band at the b~ginning of the elution, there are 
added complications by the adjusting of the neodymium band. 
The neodymium band got longer at a constant rate and changed 
length only slightly after coming to a particular length. 
At the end of the elutions, the pH and the concentrations 
of the neodymium and ammonium were almost constant, within 
experimental error, for the eluate samples from runs 12 and 
13. 
A neodymium band was not used . in runs 15 and 16 in order 
to · be able to study the copper band without the complications 
of the neodymium band. Three long resin beds were used 
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instead of one. As can be seen in Table 2, a small amount of 
hydrogen was on the resin at the beginning of the elution. 
The pH and the concentrations of copper and ammonium were 
constant for runs 15 and 16. It may be noted that the com-
position of the resin changed only a small amount from the 
beginning to near the end of the elution. 
When a copper band having an equi;~alent fract,ion of 
\, 
hydrogen slightly less than 0.50 and an eluant having slightly 
less than four moles of ammonium per mole of EDTA \\ere used 
(run 10), the concentration of neodymium and the ammonium in 
the eluate was constant for the whole band. However, if one 
prepares a bed having an equivalent fraction of hydrogen 
greater than 0.50 or an eluant having much less than four 
moles of ammonium per mole of EDTA, a precipitate of EDTA 
will form in the neodymium band adjacent to the copper band. 
If the equivalent fraction of the hydrogen on the resin is 
much less than 0.50, a copper band containing ammonium forms 
between the neodymium band and the copper-hydrogen band. 
When thorium was used as the -retaining ion instead of 
copper, the thorium was found to contaminate the whole 
neodymium band to some extent. 
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DISCUSSION OF RESULTS 
It has been pointed out at the Ames Laboratory (28, 29) 
that there are n unknown concentration variables in this sys-
tern. If the material balance equations and mass action 
equilibria are written, g-1 independent equations can be 
determined for solutions of a known ionic strength and for 
known equivalent fractions on the resin. Therefore, if 
boundary conditions can be devised so that an extra equation 
can be derived, the £ equations can be solved for the n un-
knowns. 
The column data which rave been collected in trying to 
obtain equilibrium bands in the elution of copper and neo-
dymium with the ammonia-EDTA solutions ere compe.red with the 
.. 
results derived from this theory. 
Copper Band 
Mass action equilibria 
Table 3 gives a list of the equilibrium constants that 
I 
are thought to be of any consequence. The following symbols 
will be used in the remainder of this report (Y represents 
the EDTA anion): 
Knowns (eluant) -
-YT = total molar concentration of EDTA 
~ 
NH4 = total molar concentration of the ammonium 
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Table 3. Mass action equilibria in copper band 
Definition 
Ionic 
strength a ' K I Log K Reference 
K' c 
K' 2 
K' D 
K' E 
OuY 
Ou x Y 
HCuY 
H x CuY 
H20uY 
H x HOuY 
H4Y 
HY 
HxY 
(NH4) 2 Zou 
Ou ~~Ii4 
H2zou 
Ou£~ 
H~NH4 
Nlf4. :Z H 
0.1 
o.q3 
Q.Q3 
0.01 
0.01 
o.o3 
0.02 
o.o2 
0.02 
o.o2 
o.o4 
· o.o3 
( 34) 
Run 16 
Run 10 
1 
' 
Run 15 
aAll the constants are reported at 25°0 except for K}. 
which is reported at 2000. 
b " Estimated by the Debye-Huckel Theory. 
cEstimated from the data given in Table 2 (pages 20 
and 21). 
dunpublished work done by the sen1or .author. 
\'-
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-HT = total molar replaceable hydrogen 
Variables (copper band) -
H = molar concentration of H+ 
·NH4 = molar concentration of NH4+ 
Y = molar concentration of y-4 
HY = molar concentration of Hr3 
H2Y = molar concentration of H2r2 
H3Y = molar concentration of H3Y-
H4Y = molar concentration of H4Y 
Cu = molar concentration of .cu+2 
CuY = molar concentration of cuy-2 
HCuY = molar concentration of HCuY-
H2CuY = molar concentration. of H2CuY 
CuT = total molar concentration of the copper 
HT = total molar concentration of the replaceable 
hydrogen 
~H = equivalents of .a+ per equivalent of resin 
. ~NH4 = equivalents of ·NH4+ ·per equivalent of re.~in . 
~Cu -~ equivalents of cu+2per equivalent of resin 
I 
The value of H for an ionic, strength between 0.01 and 
0.03 can be estimated by means of the following equation: 
-log H = pH - 0.05 • ( 1) 
The concentration of any of the complexes in solution 
can be expressed in terms of the ionization or formation mass 
action constapts and the concentration of the simple ions, 
for example Cu, H, Y, and NH4. 
') 
\ 
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I I I There are three constants Kn, KE,· and KF relating the 
equivalent fractions of the ions on the resin to the concen-
tration of the ions in the solution. Since only two of these 
are independent, only two variables can be eliminated with 
these constants. The use of these equilibrium equations 
presupposes that the resin stream maintains equilibrium .with 
' 
the solution stream. If the two streams are not compatible, 
a flat top elution band will not be maintained and the two 
phases will not be in equilibrium. To be compatible, the 
\ 
entering resin stream must be in equilibrium with the exit- · 
ing eluate • . Therefore, the problem concerning the retaining 
bed is to find the resin bed that will meet the above oond1-
tiona. ) 
I 
Material balance eguations 
The following material balance equations should be 
obeyed: . 
.. 
CuT= Cu + OuY + HCuY + H2CuY "(2) 
~ 
YT = CuY + HCuY + H2CuY + H4Y + H3Y + H2Y (3) 
HT = H + HCuY + 2H2GuY + 4H4Y + 3H3Y + 2H2Y. (4) 
The equations (2), (3), and (4) are a statement that 
the whole is equal to the sum of the parts for the total 
copper, the total EDTA, and the total replaceable hydrogen 
in solution. The concentrations of HY and Y have no effect 
on material balance at the pH encountered in the copper band. 
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The following equation must be obeyed for the system: 
( 5) 
The equation is simply a statement that the total number of 
equivalents of replaceable cations per liter of eluate is the 
same as the total number of equivalents of replaceable cations 
in the eluant since the EDTA concentration is the same in the 
eluant and the copper band eluate. 
Charge balance equations 
The following equations are simply a statement that the 
summation of the positive charges is equal to the summation 
of the negative charges in solution and on the resin: 
· :fN14 + Z"cu + £H = 1· (6) 
NH4 + 2Cu + H = 2CuY + HCuY + H3Y + 2H2Y, (7) 
Material balance at the boundary 
between the copper and the ammonium bands 
Equations will be written for the ideal system indicated 
in Figure 2. The deviation of the runs 15 and +6 from this 
ideal system will then pe discussed. 
Since the bed is driven to equilibrium with the eluant, 
the composition of the solution phase of the ammonium band 
is assumed to be the same as the composition of the eluant. 
The composition of the resin phase in the ammonium band, the 
composition of the resin phase in the copper band, and the 
-. . 1-8,82 "--V·HT 
• ~ 
~ 
r 
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composition of the solution phase in the copper band are each 
considered homogeneous and unchanging as the elution progress-
es since only flat type elution bands are considered. The 
previous conditions simply state that the net exchange of 
ions between the solution and the resin is zero except in 
the boundary region. 
The resin phase in Figure 2 can be considered as flowing 
• upward through the boundary between the copper and ammonium 
bands while the solution phase flows downward through the 
.boundary. The boundary moves through one equivalent of resin 
as the boundary moves from the top line to the bottom line 
in Figure 2. 
As one equivalent of the · mixed C'Opper band is replaced 
by the ammonium band, a2 equivalents of hydrogen and &1 
I 
equivalents of ammonium are not removed from the resin but 
flow up in the ' resin phase to form part of the ammonium band. 
There are V1 liters of the eluate produced when V liters 
of the eluant replace one' equivalent of the mixed copper band 
I, 
with one equivalent of the ammonium band. Figure 2 shows 
that the copper is uniformly stripped into the V1 liters of 
the eluate as the eluate is formed at the boundary. The HT 
is assumed to remain in solution as the solution phase flows 
past the boundary. The rest of the hydrogen in the resin 
phase on the copper band, ~H ~ b 1, and the rest of the 
( -
ammonium, ~lli!-4 - 2)2, are assumed to be stripped u~ifor~ly 
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· into the v' liters of the eluate. All of the ammonium in 
the V liters of the eluant is assumed to be laid down in the 
resin phase as the solution flows into the boundary. Since 
'\ the exchange of water as the resin changes composition is 
extremely small for dilute solutions, the V1 is set equal to 
<. 
V, and the following equations can be written (see 
V • 2duT = ~ Cu 
' 
v • ( HT- HT) = ~ H - & 2 
V • NH4 = ~ NH4 - b 1 
v • Nii4 = 1 - sl - &2. 
Figure 2): 
(8) 
(9) 
( 10) 
(11) 
Solving for 1/V in each of the above equations, one 
obtains the following equation: 
1 20uT &r - HT NF1.4 . NJ4 · 
-v • -;;--- • £ 3 = ~ ~ = & ~ • < 12) ~ Ou H - 2 NR4 - 1 1 - 1 - 2 " 
Eq~ation (12) can be split into the three equations: 
(13) 
(14) 
(15) 
(16) 
Using the data of the retaining bed at the beginning of 
the elution and the eluate samples from runs 15 and 16, one 
\ 
J }, 
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can calculate the values of ~ and ~2 from the equations 
( 14) and ( 15). The values of 5 l and b 2 are r~corded in , 
Table 2 (see page 20). When the values of Sl and 02 are 
substituted into equation (13), the value of .:!cu obtained is 
nearly the same as the experimental value. The difference is 
probably due to the experimental error. 
The G 1 equivalents of ammonium ions ,which move into 
the ammonium band do not give any trouble. However, . the S2 
equivalents of hydrogen which go into the ammonium band may 
cause some difficulty. If the hydrogen is laid down uniformly 
and is in equilibrium with the eluant, the equations for the 
ideal system apply. If it is not in equilibrium with the 
eluant, the hydrogen will be turned · back .and will not be laid 
down uniformly. Therefore, the solution phase which flows 
into the boundary will be changing and the equations Will not 
apply. 
The S2 calculated from the equations is several orders 
of magnitude larger than that calcula.ted to be in equilibrium 
with the eluant. Therefore, the hydrogen we.s actually con-
centrating behind the copper band. 
Table 2 shows that the resin changed slightly in com-
position as the elution progressed f.or runs 15 and 16. 
Therefore, these runs deviate from the id~al system in that 
the different phases are not of constant composition. This 
· was brought about by the fact that the hydrogen-copper and 
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hydrogen-ammonium ratios of the retaining bed were not quite 
compatible with the eluant used. '!'he eluate leaving the 
column was not completely in equilibrium with the resin bed. 
· I I This is · reflected in the fact that the KE 1 s and Kr 1 s are not 
good constants. Also, hydrogen was accumulating above the 
' boundary. However, it should be possible to prepare a resin 
bed for the copper band which will not change in composition 
as a copper band eluate of constant composition flows over 
the resin. 
~ 
The approximate constants can be calculated from the 
parts of the various runs where equilibrium conditions are 
approached,or they can be determined experimentally under the 
concentration conditions found in these experiments. These 
constants can then be used with the equations to determine 
what the retaining bed equivalent fractions should be. The 
equations show the ideal retaining bed is very sensitive to 
the hydrogen-ion concentration on the bed. In future. runs 
the equivalent fraction of the hydrogen should not be deter-
mined by difference but analyzed for directly or made up to 
a known value. 
The copper band eluate seemed to come to equilibrium be-
cause the constants calculated from the solution data were 
.reasonably constant when corrected for ionic strength. The 
composition of the resin changed slowly. so 'that the concen-
, 
trations in solution were hardly affected. Therefore, nearly 
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flat type elution curves were obtained in these runs . Equi-
librium of the resin bed with the solution was evidently not 
I 
obtained, particularly in regard to the hydrogen exchange 
with the other ions on the resin. SJnce the hydrogen con-
centration is very low in solution, the mass transfer to 
change the resin occurred slowly. 
The variables which have been proposed are HT, CuT, H, 
Cu, NH4 , CuY, HCuY, H2CuY, .H4Y, H3Y, H2Y, HY, Y, ~H' zOu' 
~ Nli4• and !::. • The equilibrium constants which relate the b 
I I I I I I I I . I variabl~s are KA, KB, Kc, K1 , K2, K3, K4, K0 , and KF· The 
equati,ons (2), (3), (4), (13), (14), (15), and (16) are 
independent. Thus, there are seventeen variables and seven-
teen equations. The S2 can be calculated from the eluant 
data. The t; 1 is an arbitrary constant in the boundary con-
ditions and can be chosen to be any value which can be made 
to satisfy the constraints of the independent equations and 
mass-action equilibria. 
Using the equation (16) and the definitions or the re-
spectiv~ equilibrium constants K}v Ka, K0, Ki, K2, K;3, and 
K4, one can express the equations (3) and (4) in terms of 
the unknowns Cu, H, andy. The elimination of Y between 
the two equations gives equation (17) for Cu. 
Eliminating HT, CuT, and NH4 between equations (2), 
(5), (?), and {16) and using the definitions of the respec-
.-<.{ 
rJ J ~ . J YT 2 ' I I I I I I I I I I I I . I ' I 2 I ' ~ [2H K4K3+3a3K4K3K2+4s4K4K3K2K1 - ~K4K3K2K1+~K4K3K2+H K4K3 
nr(A-H) 
Cu = ,..., 1 
I r. I 2 I I] YTK A r, I 2 I '] KA~+HKs+H KBKC - HT+(4 -H) t~B+2H KsKQ 
'· 
... -
( 17) 
l.JJ 
\Jl 
one oan obtain an equation in terms of H, Cu, and y. Using 
equations (13) and (14) and the definitions of KE, K!, Ka, 
and Kc, one can express equation (2) in terms of H, Cu , and 
y. Eliminating Y between these two equations gives equation 
( 18) . 
Eliminating HT and NH4 between equations ( 5), ( 7) , end 
(16) and ~sing the definitions of the respective equilibri um 
t t I I t I I constants KA, K8 , K0, K1 , K2 , K3 , and K4, one obtai ns an equa-
tion in terms of H, Cu, and y. Using equations {3) and ( 6) 
and the definitions of Kb, KA, Ka, and Ko, one can expres s 
equation (2) in terms of H, Cu, andy. Eliminating Y between 
these two equations and neglecting the S i term gives equa-
tion ( 19) • 
Equation (20) is obtained by setting the right sides of 
equations (18) and (19) ·equal to each other and simplifying,. 
The equations can now be solved by successive approxi-
mations. The H - l:l and o 1 are known to be small and to a 
first approximation can be assumed to be zero or approximate 
values can be substituted from one 1 s knowledge of the system. 
I 
When Cu versus His plotted for equations (17) and (19), the 
solution for H and Cu is obtained as the intersection of 
these two_, curves. '· Almost exactly the same solution is ob-
tained by setting the denominator of equation ( 17) equal to 
zero and substituting the resulting value of H into equation 
(19) in order to obtain Cu since the quantities H4Y, H3Y, H2Y, 
- ' 2 ' ' (NH4+H-A)(1+HKB+H KBKc) 2H2K4,K3~WK4K3K2 
KA Kk (a2(1-~1-~2) +2d. 4 + Nif~~~ l _1 
2H2 ~ 2 (1-$1-b2)j 
Cu a --~--~~~------3---, --~2-K-,K-,~-------------------
4+ HKB+2H B C 
(Nfl4+H-A)(l+HKs+H2KsKc) 
• r1-~1-$2 1 ] ~ + -l 2Ni4 Ni4-A -2YT-2Cu 
Cu = ' 2 I I 4+3HKB+2H KBKC 
l\.2(l..;;S1-$2) 2cS'2A NH+b~ 
2H2K4K3-H3K4K3K2 
KA 
I 2_, +~+2 KE K'2 _ H NH4 H H (l-St-52) 
- = F - ---___,..__;;:,.__ ______ -=--=.:.... Ko 1-S1-~2 + 2cS1 
-- ,_., -NR4 NR4-2YT- A -2Cu 
(18) 
(19) 
( 20) 
VJ 
-..:,) 
HY, and Y are found to be so small that they have essentiall7 
no etfect on the material balance for runs 15 and 16· For 
the same reason, the total copper concentration is essentially 
equal to the cupric-ion concentration plus the total EDTA 
concentration, and the second term in the numerators ot equa-
tions (18) and (19) is essentially zero. The value ot ·A is 
estimated using equation~ ' ( 14), ( 13), and KE; and ~ 1 is 
estimated from equation (20). With the new .values ot H -A 
and al, the calculation is repeated until one gets the de-
sired accuracy. Since the value ot Kr is not known, this cal-
culation has not been performed. 
Neodymium Band 
The neodymium band can be treated in precisely the same 
way as the copper band has been treated except that the 
neodymium in the solution phase is laid down at the front 
edge of the band and replaces the copper band. In contrast, 
the solution phase ot the copper band flows out the bottom 
of the col~n. 
Mass action equilibria 
Table 4 gives .the equilibria which are thought to l:!e of 
any consequence in the neodymium band. T.he same conventions 
are used in the neodymium band as were used on pages 24 and 
26~ For example, .£Nd represents the equivalents ot neodymium 
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Table 4. Mass action equilibria in the neodymium band 
K' . 
!, 
Definition 
NdY 
Nd X Y 
H NdY 
H X NdY 
( Nli4) 3 ~Ng 
Nd £~li4 
oc 
20 
20 
25 
25 
25 
26 
25 
25 
Ionic 
strength 
Q.l 
Q.Ql9 
o.ol9 
o.022 
0.1 
o.l 
0.019 
0·022 
' Log K 
16.48 
17.368 
17.ab 
17.70 
2.374d 
2.3948 
2.3oot 
2.378g 
aEstimated by the Debye-H~ckel Theory. 
Reference 
(35) 
( 36) 
( 36) 
bKG was calculated from the values of Nd, Y and NdY 
which were obtained from the conet.ants . K:L K~, Kt, K!s, K.l,, 
and the material balance equations for run 13. 
CKG was calculated from run 12 (see footnote b). 
dThe · equivalent fraction of the neodymium was the same 
as for run 13 (page 21) • 
eThe equivalent fraction of the neodymium was the same 
as for run 12 (page · 21) • 
fK]: ,' esti~ated for run 13 from the approach given on page 
40. ( 
' ' gKI estimated tor run 12 from the approach given on page 
I 
' 
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per equivalent of resin,and NdY represents the molar concen-
tration of NdY-. 
Although there are a number or ·other conventions, one 
could define the ion-exchange constant, K, of the neodymium-
ammonium exchange in the following way: 
I K = Kr 
3 -( NH4 YNd 
'(Nd · Y~R4 
I 
= Kr 
6 (N~Cl YNd 
'( 2 "3 NdCl3 f NH4 
(21) 
( 22) 
The Y•s are the activity coefficients of the corresponding 
symbols. 
For low ionic strengths, one would predict by the argu-
ment given on page 3 that YNd/ '(~H4 may be mainly a function 
of the equivalent fraction of the neodymium on the resin,and 
relatively independent of· the ionic strength of the solution 
phase. 'Iherefore, Y'Ndl y ~H4 could be evaluated· from the 
knowledge of K! as a function of the equivalent fraction of 
neodymi~m since K is a constant and YNJi4Cl and f'NdC13 are 
mean acti~ity coefficients which can be obtained from the 
literature (37, 38). 
For the low ionic strengths, one might be able to cor-
rect an ion-exchange constant by the previous method which 
has been found to work for hydrogen and sodium but has not 
been tried for two ions of different charges . 
. . 
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Material balance equations 
The equations (23), (24), and (26) are simply a statement 
that the whole is equal to the sum of the parts: 
NdT 2 Nd + NdY + HNdY (23) ,_ 
YT = NdY + HNdY + H4Y + H3Y + H2Y + HY (24) 
HT = H + HNdY + 4H4Y + 3H3Y + 2H2Y + HY. (26) 
The concentration ot Y is so low that it has no effect 
on the material balance at the pH encountered in the neodymium 
band. 
The concentration of EDTA in the neodymium band is the 
same as in the eluant; therefore, the number of equivalents 
of cations accompanying the EDTA is the same for both the 
neodymium band eluate end the eluant: 
( 26) 
Charge balance equations 
Since the net charges in the solution phase and the 
resin phase must be zero, the summation ~f the positive 
charges must equal the summation of the negative charges in 
both phase·s: 
( 27) 
NH4 + 3Nd + H = NdY + %Y + 2H2Y + 3HY (28) 
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Material balance at the boundary between 
the neodymium and the ammonium bands 
One may assume that there is an ideal system for the 
neodymiu·m band the same as the one for the copper band repre-
sented in Figure 2 except that ~ Nd, 3NdT, & i and & 2 are 
substituted for ~Cu• 2CuT, ~ 1 , and ~2• respectively. The 
resulting equation is as follows: 
-NR4 3NdT t 6' NH4 
~i =--= ~~ = a' a~ ~NEf.4- i.Nd iH- 1 - 1 - (29) 
A' 
...., 
where = ~ - HT . (30) 
For a band to maintain the same composition while the 
elution progresses, the same amount of material must leak 
into the lower boundary as leaks out of the upper boundary. 
It ~ 1 equivalents ot ammonium leak from the copper bed 
into the bottom of the neodymium band per equivalent of band 
movement, then S1 equivalents of ammonium must move out the · 
top of the band or t,Pe neodymium ba.nd will change in composi-
tion. Thus, S]. must equal ~1 and ~ 2 must equal a 2 or the 
neodymium band will change in composition. 
If the equations (23) through (30) and the equilibria 
in Table 4 are solved 1n exactly the same manner as were the 
equations for the copper band, equations (31), (32), (33), 
(34), and (35) are obtained. 
The solutions of H and Nd can be obtained by plotting 
· H versus Nd for equations (31) and (33) and assuming that 
Nd = 
Nd = 
T 
,..,; 
YT [ • .4. ' I I ' ·-~ I ' ' 2 I I 'J ~ 4H-K4K3K2K1+3H~K4K3K2+2H K4K3+HK4 
HT 
( YT J ' I' 1-_ I KG+HKHKG HT+A -H 
3W(l-~1-52Hl-HKH)(NH4+H-,d1 > 
'3K'[~( 1:_:1-52) + s2] 3 - 3W(l-~-a~ t::a J Nf4 
I 
2+HKH 
T..d. ' I 1 I --~ I I I 2 ' I I I rt·K4K3K2K1+M-K4K3K~H K4K3+HK4 
t 1 1 [ YT ] KG+HKHKG l - _ , -
HT+6-H 
3111 211 I H K4K3K~2H K4K3+3HK4 
I 
KG 
3NJii( lj-HK~) (Nf4+H-.d ) ~~ I I 2 I I I H-K4K3K2+2H K4K3+HK4 
Kl G Kr[l+(3N'""H4 -2>S1-2b2] - 3N~ 
NH4 
I Nd = 2+HKH 
(31} 
(32) 
(33) 
+=-
lAJ 
~ 
w [1 + ( 3Ni4 - 3)&l-3f2-3NR4(1-Sl-$2)] 
!__2 N!f.4 
Kr = 1 
I -2 [ A (l-~l-S2) 3 ~-~ (' ~ .l 
A 3NH4 ( N1f.t + $2) - 3.ti-( 1- "1- ~2)j 
' The ammonium is related to A , Nd, and H in the following manner: 
,._ ' Nli4 = NJ4 - A - 3Nd 
( l 
[ I I I]""' 3Nd KG+HKGKH YT 
[ I I I J 4 I I I I 3- T -T- f- -2 -~- i- - T Nd KG+HKGKH + H K4K3K2K1+H K4K3K2+H K4K3+HK4 
(34) 
( 35) 
~ 
~ 
~ 
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I H- A is zero. The solutions for H and Nd are given by the 
intersection of the two curves. The A 1 can then be estimated 
from equations (34) and (35). As in the case pf the copper 
band, these calculations are repeated with the new .value of 
H- A 1 until the desired accuracy is obtained. The concen-
trations of all of the ions ~can be estimated by substituting 
H and Nd into the appropriate equations. 
Since ~ 1 is an arbitrary constant in the boundary con-
ditions of the copper band, there are the same number of inde-
pendent equatio~s as variables. However, it may not be pos-
sible for the corresponding a 1 s to be the .same for th.e 
constraints of both the copper and neodymium bands. Thus, 
the neodymium band may be forced to · take on the ~ 1 of the 
copper band. 
In contrast to the copper . band, the quanti ties H4Y, 
~Y, and H2Y are big enough to affect the material balance 
in the neodymium band for runs 12 and 13. For this reason 
1 I I I I I KG can be estimated from a knowledge of K1 , K2, K3, K4, Kr, 
and the ,column data. This calculation is indicated on page 
40. The value obtained for KG, is ·compared with a value of 
KG determined by another method . 
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